We demonstrate gas sensing using a fiber ring laser composed of an erbium-doped fiber as the laser medium and a compact gas cell module. Acetylene absorption at 1.5 m is enhanced by an intracavity configuration, in which multiple band-pass filters are used to control the wavelength of laser oscillation. A maximum enhancement factor of about 80 is achieved with an 18.3 mm cell under a pressure range below 100 Pa. Experimental results can reasonably be explained by a ring laser theory that describes the influence of acetylene pressure on the threshold and slope efficiency of the laser output characteristics.
Introduction
A recent increase in interest in atmospheric environment has motivated the development of optical sensors that are capable of detecting atmospheric trace gases. In view of compactness and ease of operation, diode lasers [1] [2] [3] [4] and fiber lasers [5] [6] [7] are quite promising as light sources. In this paper, we propose and demonstrate the application of an intracavity erbium-doped fiber ring laser to the detection of molecular absorption. Intracavity laser spectroscopy is one of the laser spectroscopic methods of high sensitivity, leading to qualitative as well as quantitative analyses of gas molecules. 4, 5) Due to the laser cavity, the effective absorption length can be increased, and consequently the apparent absorption of gas molecules is considerably enhanced.
A few works have so far been reported on the application of fiber lasers to gas sensing. Hünkemeier et al. 5) applied diode-pumped Nd 3þ and Yb 3þ -doped multimode fiber lasers to sensitive measurements of intracavity absorption in spectral ranges around 0.93 m and 1.1 m. McAleavey et al. 6) used the cw output of a tunable Tm 3þ -doped fluoride fiber laser to detect CH 4 absorption at 2.31 m. Matsuoka et al. 7) employed an Yb fiber laser (1.038 m) and a distributed feedback laser (1.577 m) to generate mid-IR light (3 m) used for NH 3 detection. In these studies, fiber lasers worked as light sources, without a need for ring cavity configurations.
Fiber ring lasers have widely been studied in such applications as the generation of ultra-short pulses 8) and that of the cw laser output with narrow linewidth. 9, 10) In contrast, here we describe the application of an Er 3þ -doped fiber ring laser to observe gas absorption with an enhanced optical path length. Since all the optical paths are confined in the fiber without free-space transmission, the present approach provides a trace gas sensor more compact and more suitable for environmental applications than conventional systems based on diode laser transmitters. At the telecommunications band of 1.5 m, erbium ions (Er 3þ ) are used as the amplifying medium. When pumped by a laser diode oscillating at 980 nm or 1480 nm, the erbium-doped fiber amplifier (EDFA) gives rise to amplification as wide as 60 nm around 1540 nm. This is an obvious advantage of the EDFA for trace gas detection over other light sources with limited tuning ranges. Moreover, this wavelength region ensures the high transmittance of optical fibers. To the best of our knowledge, this work presents the first case in which enhanced detection of trace gas is achieved using an EDFA ring laser.
In order to demonstrate the enhancement of gas absorption, we use vibrational-rotational transitions of acetylene ( 12 C 2 H 2 ) molecule in the 1 þ 3 band, centered at 1525.2 nm.
11) The experimental results are compared with the theoretical analysis of ring laser operation based on rate equations. 12, 13) Our method deals with the cw output of a fiber ring laser, and we can attain a cavity-length enhancement of 10-80, depending upon the pumping power of a 1480 nm diode laser. The cell length used in the experiment is 18.3 mm; this is much more compact than the open-path space length of 190 cm employed in the case of the intracavity experiment of Hünkemeier et al., 5) in which time-resolved spectra of broad-band laser emission were observed. Our scheme is similar to an experiment of absorption enhancement (of a factor of about 44), conducted with an external-cavity diode laser (1.5 m) and a 25-cmlong Fabry-Perot cavity of a moderate finesse ($100). 3) Both this Fabry-Perot and the present fiber ring laser configurations are characterized as the direct absorption spectroscopy (as opposed to the modulation spectroscopy); this fact sets a limit to the detection sensitivity, yet these schemes are in principle more suitable for the observation of pressure-broadened molecular absorption under atmospheric conditions than the modulation spectroscopy.
Experimental
A schematic diagram of our erbium-doped fiber ring laser is shown in Fig. 1(a) . The ring laser consists of a coupler, an EDFA, three band-pass filters (BPFs), an isolator, and a gas cell. The output of the EDFA first passes through the BPFs and then through a gas cell module. Then a fraction is taken from a coupler (20 dB coupling ratio with an insertion loss of less than 0.3 dB), and the main portion of the laser power is returned to the EDFA. The filter specifications are listed in Table I . BPF1 is based on dielectric coating, while the other two are of the Fabry-Perot etalon configuration. The combination of these two etalons results in a reduced bandwidth of 1.4 GHz for the full-width at the 80% transmission (see Fig. 5 below) . For each filter, the peak wavelength is manually tuned to the absorption peak of the acetylene P(13) absorption line. In the process of actual measurement, acetylene gas of more than 1000 Pa is introduced into the cell, and the amplified spontaneous emission from the erbium-doped fiber (EDF) is monitored (without the ring configuration) to tune the wavelengths of the BPFs to the acetylene absorption peak. The output spectrum is monitored using a spectrum analyzer (Advantest, Q8381) with a wavelength resolution of 0.1 nm. Figure 1(b) illustrates the detailed configuration of the EDFA. The EDF is pumped by a 1480 nm laser diode with a maximum power of 35 mW. A wavelength division multiplexer (WDM) directs the 1480 nm pumping light to a 30-mlong EDF. Amplified spontaneous emission of the fiber amplifier is obtained in a wavelength range of 1510-1570 nm. Polarization-independent optical isolators are used to determine the direction of light propagation. The EDF has Er 3þ and Al 3þ dopant molar concentrations of 250 ppm and 5000 ppm, respectively, resulting in a gain of 18 dB for small signals (less than 10 W) and 12 dB for large signals (more than 1 mW). Controlling the pumping power with an accuracy of 0.1 mW, we obtained a stability of EDFA output power of better than 0.7% during a test operation lasting two days.
When the cell is evacuated, the laser oscillation takes place above a pump threshold of P th pump ¼ 11:7 mW, having a linewidth of about 100 MHz (full-width at half maximum). Since the total laser cavity length is 40 m, it is expected that the laser oscillates in multimodes, with a mode spacing of about 5 MHz. The feature of laser oscillation has been checked by using a high-resolution spectrometer (Burleigh SA, 27 MHz spectral resolution), showing a small fluctuation presumably associated with this multimode operation. This fluctuation, however, does not influence the measurement with the 0.1 nm resolution spectrum analyzer. When the acetylene pressure is relatively high (e.g., 1000 Pa), a double-peak feature has been occasionally observed. This effect is ascribed to the loss profile of the BPF-gas system (see Fig. 5 below) , but does not affect the operation under the low pressure regime. We have also tested the influence of an additional polarization controller inserted into the ring configuration. It was found, however, that the behavior of the ring laser sensor is independent of the polarization effects.
The gas cell design is illustrated in Fig. 1(c) . The laser light emitted from a single-mode optical fiber is collimated by a ball lens and passed through an optical path length of 18.3 mm, where the sample gas is introduced with an appropriate pressure below 1013 hPa. The light is then collected with another ball lens and coupled to the exit fiber path. Fiber faces are cut slantwise to avoid reflection at both entrance and exit connections. The insertion loss of the cell is 2.16 dB. The acetylene gas is supplied from a gas cylinder (purity 97.5%) and used without further purification. The gas pressure is measured with a standard diaphragm pressure meter and capacitance manometers (Ulvac, CCMT-10 and CCMT-100).
Theory
We consider the output power of the fiber ring laser that is dependent on the intracavity gas absorption. It is shown that under appropriate conditions, we can expect enhancement of the effective absorption path length. The output characteristics of erbium-doped fiber ring lasers have been investigated by Pfeiffer et al. 12) and Pfeiffer and Bülow, 13) and here their analytic expressions are modified to include the molecular absorption. The propagation of pump and signal waves is described by a set of equations that only take into account the populations of the upper laser level ( 4 I 13=2 ) and the lower laser level ( 4 I 15=2 ) of the erbium ions. We consider the ring laser configuration as depicted in Fig. 1(a) . Because of the presence of an optical isolator, the laser operates in a traveling wave mode. An EDFA of length L is pumped at a wavelength pump ¼ 1480 nm with a pumping power of P pump . The intracavity power at the laser wavelength at the entrance of the amplifier [reference point 1 in Fig. 1(a) ] can be analytically expressed by the gain G between points 1 and 2:
Here G max stands for the maximum available gain at , given by
This maximum gain is realized only for sufficiently high pumping. The small signal absorption coefficients at and pump are denoted as and pump , respectively:
where abs and abs pump are the absorption cross section at each wavelength, N is the erbium concentration, and À and À pump are the overlap factors. These factors are required to consider the transverse distribution of the light intensity (at and pump ) in the fiber as well as the radial distribution of the erbium ions. In eqs. (1) and (2) the parameter is defined as
where P sat and P sat pump are saturation powers at and pump , given by
Here, em and em pump are the emission cross sections, A eff is the effective dope section in the fiber, and is the spontaneous lifetime of the upper level. We use the following values for the parameters in eqs. (1) When the pumping power is above the threshold, the laser output power P obs at point 3 in Fig. 1(a) is given by
where P in ðGÞ is the intracavity power of the EDFA (at point 1). The gain G between point 1 and point 2 is determined by the oscillation condition of
In eqs. (6) and (7), T 21 and T 23 are, respectively, the transmittance from point 2 to 1 (the transmittance in the passive fiber cavity) and the transmittance from point 2 to 3 (between the end of the EDFA and the output connector). The reflectivity of the output coupler (the power fraction returned to the ring) is denoted as R (R ¼ 0:990 in the present case). Combining eqs. (6) and (7) with eq. (1), we obtain the observed power in a form of
Here, the slope efficiency, , is given by
and the pump threshold, P th pump , is given by
Results and Discussion
When a ring laser is utilized as a gas sensor, the most important aspect is the variation of the observed power P obs according to the pressure p of the absorbing gas. The result is depicted in Fig. 2(a) , where the pressure dependence of the output power is shown for various values of the EDFA pumping power. The data were obtained after tuning all the BPFs to the peak of the acetylene P(13) transition. Note that in Fig. 2(a) , the observed power is normalized to the corresponding value observed at p ¼ 0. This figure indicates that the sensitivity of the ring laser sensor, defined as j@P obs =@pj, tends to be large when the pumping power is close to the threshold value (as mentioned above, the threshold for p ¼ 0 is 11.7 mW). For higher pumping power, the curves become closer to the single-pass absorption line (dotted curve), which is hypothetically calculated for a single path length of 18.3 mm. The conventional LambertBeer law is employed for this calculation, with an absorption cross section of Pð13Þ ¼ 6:84 Â 10 À22 m 2 : this value was determined in a separate experiment using a 20 cm gas cell and an external cavity diode laser.
3) For each data in Fig.  2(a) , it is possible to calculate the effective path length by means of the same procedure: we define the enhancement factor of the present detection scheme as the ratio of this effective path length to the actual path length of 18.3 mm. Figure 2(b) summarizes the results for P pump ¼ 11:8, 11:9, and 12:0 mW. When the pumping power is 11:8 mW, we obtain an enhancement factor of 70-80 in a pressure range of 20-80 Pa. In this case, higher acetylene pressure terminates the laser oscillation: since the operation is close to the threshold, we have rather unstable behavior of the enhancement factor. When the pumping power is 11:9 mW, on the other hand, we obtain a factor of 22, which is nearly constant within a pressure range of 20-400 Pa.
The theoretical analysis is undertaken as follows. Since the operation of the ring laser is expressed by the slope efficiency and the pump threshold P th pump of eqs. (9) and (10), first we examine the pumping power dependence of the observed power. Figure 3 depicts the experimental results for the acetylene pressures of 0, 100, 190, 390, 780, and 1000 Pa, obtained by tuning all the BPFs to the acetylene absorption peak, as described in §2. For each pressure, data are reasonably fitted to a straight line: this leads to the experimental values of the slope efficiency and the pump threshold P th pump . The pressure dependences of these two parameters are shown in Fig. 4 . The theory of the ring laser yields broken lines in Figs. 4(a) and 4(b) , when the parameters quoted below eq. (5) are employed. Actually, the value of À (overlap factor) was found to be influential to the value at the zero pressure for both and P th pump : the value À ¼ À pump ¼ 0:360 was determined so as to obtain agreement between the experimental and theoretical values at p ¼ 0. As seen from Fig. 4(a) , the theory predicts that becomes smaller as the pressure increases, whereas the experimental data indicate that the change with the pressure is rather small. Similarly, Fig. 4(b) shows discrepancy between the theory (increases with the pressure) and experiment (nearly constant).
These discrepancies in both and P th pump can be resolved in the following manner. In the theoretical consideration above, we assumed that the laser frequency is fixed exactly at the acetylene absorption peak. Because of the limited bandwidth of the coupled filters, however, it is possible that the ring laser oscillates at a frequency slightly different from the initially prepared value. This situation is schematically illustrated in Fig. 5 . This figure shows the curves that include both effects of the coupled filter transmission curves and the absorption profile of the acetylene gas. As for the filter transmission, we assume a flat response of BPF1 within this limited frequency range, and full-widths at half maximum for BPF2 and BPF3 as quoted in Table I . If the laser oscillates at a frequency where the loss is minimal, we have a frequency shift of about 0.5 GHz in a pressure range of 0-2600 Pa, as indicated by the dotted curve in Fig. 5. (In a . Acetylene pressure dependence of (a) slope efficiency and (b) pump threshold, on the ring laser output. Dots denote the observed data, while solid and broken curves, respectively, show the theoretical curves calculated using eqs. (9) and (10) with and without consideration of the profile correction (see text).
separate experiment using the high-resolution spectrometer, we actually observed a shift of À0:44 GHz when the acetylene pressure was increased from 0 to 2500 Pa.) To incorporate this frequency shift into the simulation, it is required to modify the value of gas transmission included in T 21 and T 23 . The results are shown as solid curves in Fig.  4(a) for the slope efficiency and in Fig. 4(b) for the pump threshold. By considering the effect of frequency shift with the acetylene pressure, we attain reasonable agreement between the theory and experiment with respect to the pressure dependence of and P th pump . The remaining difference between the measurement and calculation can be ascribed to the inaccuracy in the setting of the BPF wavelengths.
Basically, this frequency shift of the laser oscillation degrades the performance of the ring laser as a gas sensor, since the effect of gas absorption effectively diminishes. It is noted, however, that this degradation is insignificant when the dip due to the molecular absorption is relatively small, and does not hinder its operation as a trace gas sensor. In addition, installation of an auxiliary wavelength feedback mechanism using BPFs and a gas cell would eliminate the frequency shift problem altogether.
Conclusions
We have demonstrated the capability of a fiber ring laser as a gas sensor. The enhancement of molecular absorption is observed as a change in the output power of the ring laser. The observed dependences of the slope efficiency and the threshold pumping power of the laser oscillation on the acetylene pressure were successfully explained by a ring laser theory. The resulting path-length enhancement of a factor of 10-80 will be useful for future development of a compact fiber sensor for ambient gas detection.
